Utilizing the EMR-8B eye-tracker system, the pupil changes of eight drivers were monitored when they drove through 26 typical highway tunnels. Based on the test results, the driver's pupil areas and pupil illuminance were found to be in a power function relationship at tunnel entrances. Furthermore, a 
INTRODUCTION
China has the largest number of tunnels in the world. As of 2013, there were 12,132 highway tunnels in that country, with a total length of 9,732,400 metres. Because of highway traffic, tunnels are accident-prone locations, often with heavy casualties. Low visibility and psychological panic in the tunnel make escape or rescue from an accident difficult. Moreover, cars travelling at excessive speed through tunnels are apt to cause secondary accidents.
Research shows that illuminance at a tunnel entrance during the day decreases sharply, from tens of thousands of lux to hundreds of lux. This sharp change in illuminance causes visual adaptation difficulties for drivers, referred to as a visual "black hole effect" which results in bad driving behaviours, and further induces traffic accidents.
While the risk of an accident inside a tunnel is often lower than that in an open-road network, an accident event in a tunnel can be more serious. According to data from the Norway Highway Bureau, 63.7% of tunnel collisions occurred at entrances. Wang (2012) and Dai et al. (2010) analyzed the characteristics of highway-tunnel traffic accidents and found that (a) accidents happen frequently during the day, from 8:00 a.m. to noon; (b) the tunnel accident rate at tunnel entrance sections is higher than within tunnels; and (c) most of the accidents are rear-end collisions, with cars hitting the tunnel wall. These studies concluded that visual adaptation difficulties created by the darker conditions of tunnels were an important factor in tunnel traffic accidents [1] [2] .
The effect of tunnel-entrance lighting on driving safety has become a key issue in need of immediate attention. In building tunnels, various countries use data on illuminance levels to increase safety and thus prevent collisions. Lighting standards vary in different countries and areas, depending on factors such as density of traffic flow, speed limits, and outdoor conditions. The CIE 088 report (CIE, 2004 ) is used by most countries in the world. Pachamanov (2008) studied tunnel-lighting settings that meet brightness and glare requirements, considering the transition of lighting as a linear optimization problem between lights and pavement reflection [3] . Then lighting installation and commissioning of the illuminance transition are curve fitting. The calculated results show that this setting is better and more energy-efficient. Kircher (2012) conducted a parametric study of different brightness and colours on sidewalls and suggested that light-coloured sidewalls induce a safer driving environment in the tunnel [4] . Yang (2006) and Dai et al. (2011) studied the speed change at highway tunnel entrances using an accelerometer and observed a significant deceleration at entrances due to dramatic lighting transition [5] [6] . Liu et al. (2011) showed that the tunnel lighting has a significant impact on driving behaviour and can effectively relieve fatigue [7] .
Brightness reduction is a factor in tunnel lighting in Chinese evaluation criteria, which is mainly based on related Japanese tunnel codes, which are lower than those criteria employed by the United Kingdom, Norway, and the International Association of Lighting for the inlet section of the tunnel. To eliminate the black hole effect, the Chinese industry standard "Highway Tunnel Ventilation and Lighting Design Specifications" (JTJ 026. stipulates that "Lighting should be set in tunnels with lengths of 100 metres or more," and the lighting should be enhanced at the tunnel entrance, which results in a huge energy consumption. As of 2012, the annual electricity consumption in Zhejiang Province reached approximately 414 million degrees. In areas with less traffic, especially in the west of China, standard lights are usually equipped but the energy consumption is not affordable. As result, in the process of operation, lights function only partially or even less. This is also considered to be the main reason for traffic accidents during tunnel illuminance transition, according to Dai and Guo (2011) [6] .
Tunnel-driving visual load is determined by the visual perceptual load and visual physiological load. The visual perceptual load corresponds to the amount of information involved in the visual perceptual processing of the task stimuli. The visual physiological load is the pupillary physiological function reaction caused by eye movement (2011) [8] . Pupillary response varies according to the size of the pupil, consists of the pupillary light reflex and the task-invoked response. The task-invoked pupillary response is induced by one's mental load. The pupillary light reflex controls the diameter of the pupil in response to the intensity of any light that falls on the retina of the eye, thereby assisting in adapting to various levels of darkness and light (2008) [9] . The task-invoked pupillary response is caused by a person's cognitive load, as a result of the decrease in parasympathetic activity in the peripheral nervous system (1991) [10] . In driving studies, pupil diameter is often employed as a physiological measure of cognitive load. However, the pupil size is primarily influenced by the pupillary light reflex (2012) [11] [12] . Cheng (2006) measured the pupil size of various low illuminance levels, ranging from 0.04 lux to 4 lux. Results showed that pupil size is related to the intensity of illumination [13] . Hu (2010) measured the pupil sizes of 13 luminance levels, and evaluated the rational background luminance between 0.7 cd/m 2 and 3.5 cd/m 2 [14] . Drivers' pupil sizes vary in response to environmental transitions in tunnel portals, including tunnel alignment, visual reference objects, and illuminance. The alignment at tunnel portals should maintain a consistent distance greater than 3 seconds, according to the Chinese industry standard "Highway Tunnel Ventilation and Lighting Design Specifications" (JTJ 026. . At the same time, moderate transitions of visual reference objects cause small pupillary responses at tunnel entrances. Consequently, the drivers' pupillary response is triggered by the sharp illuminance transitions at tunnel entrances.
Generally speaking, the existing Chinese tunnel environment illuminance standards are lower than international standards, and the actual operational standards are even lower than the national standards. A reasonable illuminance transition at tunnel entrances is the key to reducing tunnel vision load and improving tunnel traffic safety in China. This paper (a) develops an evaluation index for illuminance transition at the tunnel entrance, (b) evaluates the current illuminance transition using the developed index, and (c) provides suggestions for the practice. To achieve the objectives of this study, several issues had to be addressed: -Is there any quantitative relationship between the illuminance at the tunnel entrance and the pupil size of the driver? -How can the driver's visual ability to adapt be quantitatively evaluated? -How can the illuminance transition at the tunnel entrance be quantitatively assessed? -What is the ideal illuminance transition that can be used for most of the tunnels?
EXPERIMENT DESIGN AND DATA COLLECTION 2.1 Test tunnels
A total of 26 highway tunnels in Yunnan and Zhejiang provinces were involved in the test. The length of the highway varied between 243 and 3,554 metres, 
Test drivers
The selected highway tunnels are located in mountain areas of China with low lighting conditions, the driving is very monotonous and dangerous, so most of long-distance drivers on mountain highways are young males in China. Eight male drivers were selected who were familiar with the local road conditions, professional drivers for at least 3 years, and with fine vision ability. Half of them were between 20 and 30 years of age, and the other half between 30 and 40.
Test facilities and calibration
To build the connection between illuminance at the tunnel entrance and the pupil size of the driver, both terms were measured as described below. The tests were conducted from 9:00 a.m. The illuminance levels were measured when the experimental vehicle was located at -20, 0, 5, 10, 20, 30, 50, and 70 metres away from the inside of the tunnel entrance. There are 2 lamps per cross-sections with one-lamp operation, as shown in Figure 1 . The tunnel lamps are High Pressure Solidums (HPS) golden yellow in colour. The digital luxmeter, Test 545, was vertically attached to the experimental vehicle at the height of 1.3 metres, which is the average height of driver vision, as shown in Figure 1 . In this way the illuminance at the driver's pupil area was simulated.
The car is the main vehicle type of all traffic vehicles, and accounts for more than 60 percent of all traffic vehicles. The widely-used Volkswagen 2000 with the most popular features was chosen as the experiment vehicle (see Figure 2(b) ). The size of the eye pupil was the most important consideration in the test, since it is very sensitive and not easy to track. The pupil size of the driver was tracked by EMR-8B, a portable eyetracking system (ETS) produced by NAC. The ETS was attached to the driver's hat to make sure the pupil size was monitored consistently during the test, as shown in Figure 2(a) . The data acquisition system, including illuminance measurement and pupil size measurement, was calibrated to ensure the consistency of the timeline of measurements.
Data collection
Experiments were conducted between 9 a.m. and 3 p.m. to avoid traffic and on sunny days to eliminate weather effects on experimental results. Vehicles drove on side lanes at free speed under the given speed limit. All the experiments were done under similar conditions of weather, time, and tunnel types such that the illuminance and pupil size were obtained with minimal errors. After passing the tunnel entrances, the drivers' comfort degree of visual perceptions were surveyed. The choices in the questionnaire were: extremely uncomfortable, very uncomfortable, uncomfortable and comfortable. The test instruments, including Test 545 for illuminance and ETS for pupil size, were calibrated before installation. During the test, drivers operated the vehicles according to their customary control without any interference from other personnel. The ETS recorded all pupil-size data, and Test 545 recorded illuminance data at selected measuring points (e.g., -20, 0, 5, 10, 20, 30, 50, and 70 metres away from the inside of the tunnel entrance).
EXPERIMENTAL RESULTS

Relationship between pupil illuminance and pupil size
As shown in Figure 3(a) , the pupil illuminance, E, in units of lux, is plotted on the X axis, in conjunction with the pupil area, S, in units of mm 2 , plotted on the Y axis.
There is no direct quantitative relationship between E and S from Figure 3(a) , so ES was introduced to further analyze the relationship between E and S. As observed in Figure 3(b) , log10E and log10(ES) are linearly correlated at tunnel entrance. The solid dash line represents the fitting line. The retina's light-adaption mechanism at tunnel entrance is a pupillary light reflex, adjusting the amount of light that reaches the retina. Through linear regression analysis (LRA), the correlation parameters are presented in Table 2 .
Results indicate that log10(E) and log10(ES) correlate very well in a linear relationship, as stated in Equation (1). log l og ES a E b 10 10 = + h (1)
Then the pupil size can be expressed by pupil illuminance in Equation (2) . In Equation (2), a and b are constants, and they vary slightly depending on factors of such as pavement properties, tunnel types, and driver habits. According to the linear correlation of log10(E) and log10(ES) in Table 2 , the pupil illuminance E and the pupil size S are in a power function relationship when driving into a tunnel entrance. This is consistent with the Stevens law of experimental psychology, which says that the amount of visual mental physical reactions and the physical stimulus intensity follow a power function relationship. 
Changing rate of illuminance and pupil area
Test results showed that the drivers' pupil areas changed continuously while vehicles were driving inside the tunnels, indicating rare transient blindness in these driving environments. Transient blindness was generally concentrated in the daytime between 0 to 50 metres away from the inside of the tunnel entrance, where the visual load reached maximum value and hence needed special attention. The monitored short distance around the entrance area takes only 2 or 3 seconds for the test vehicles to drive through. To clarify and simplify the calculation, the driving speed, V (m/s), is considered to be a constant, since the actual acceleration barely varies (<0.5m/s 2 ) [5] . The velocity of pupil area, Ve , can be expressed as below:
Pupil area and its critical velocity
Drivers' pupil is a kind of elastic structure, so the light-adaptation ability is limited. Since the driver has constrained visual adaptation capacity, it is difficult for the lens to accurately focus and make a clear image on the retina when the pupil area changes too rapidly. This often leads to transient blindness, and the transient blindness can lead to unsafe driving behaviours. Our assumption was that safe driving can be ensured when the velocity of pupil area falls in the range of , V V ecr eci 6 @, and that driving is not safe otherwise. The critical velocity of the pupil area is defined as below: 
Wherein, Ve15 indicates the 15% quantile value of pupil area's velocity, and Ve85 indicates the 85% quantile value of pupil area's velocity; Vec is the value of pupil area's critical velocity at tunnel portals. We used Vecr (the values can be denoted as Ve15 ) at tunnel exits and Veci (the values can be denoted as Ve85 ) at tunnel entrances.
The roadway of 50 metres away from the inside of the tunnel entrance was divided into 10 sections with 5 metres each. In each section, the 85% quantile values of pupil area's velocity were abstracted to better understand the threshold values of driver's visual characteristics. Based on the statistical analysis, the correlations between pupil area and its velocity at the tunnel entrances are shown in Figure 4 , Tables 3 and 4.
As summarized from From Tables 1, 2 and 4, when the pupil area is very small (<6 mm 2 ), the critical velocity is small; when the pupil area is between 10 and 14 mm 2 , the critical velocity is much larger.
The visual load factor k is based on the critical velocity of the pupil area and was defined as the ratio of a pupil area's velocity in relation to its critical velocity at time t on certain tunnel roads. For the tunnel road in the daytime, Equation (6) is defined as below: Figure 5 shows the visual load is big near tunnel entrances, and k is near 1, while k is near 0 in the middle of the tunnels. The visual load at the middle tunnel is much lower than the one at tunnel entrances. The visual load at tunnel entrances is near or up to the limit of the driver's capacity to see, so that the velocity of the pupil area may exceed its limit. The value k changes significantly at tunnel entrances, which also shows that the visual load of drivers changes significantly during the accommodation process and matches the actual conditions.
SAFETY EVALUATION OF THE ILLUMINANCE SETTING
Safety evaluation of illuminance transition at tunnel entrance
The standard of illuminance transition was established with the survey of the drivers' visual perception as below, based on the visual load factor k. When k > 1 at the tunnel entrance and the time of operation exceeded the minimum visual simulation time Tm , the conditions were considered to be unsafe (extremely uncomfortable), and the illuminance transition needed to be improved. When k > 1 and the operation time was less than Tm but more than 0 second, conditions were considered to be safe, and the illuminance transition needed appropriate improvement. When k was between k r and 1 at tunnel entrances, the conditions were slightly visually uncomfortable. When k was less than k r at tunnel entrances, the conditions were visually comfortable, where k r was the average visual load factor at tunnel entrances as shown in Table 5 .
Ideal setting of illuminance transition at tunnel entrances
At any point x away from the inside of the tunnel entrance, if the velocity of the pupil area conformed to Equation (6) , which is the average visual load coefficient k r , it was considered to be the most reasonable visual load due to the change of the pupil area, and the illuminance setting was ideal. The ideal velocity of the pupil area was determined as follows:
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h h h (7) Substituting Equation (7) into Equation (5), [15] . 200 ms is adopted as the value of Tm considering the fixation duration is much longer at tunnel portals than at any other highway section [16] . Z. Du, H. Wan, C. Wu, X. Pan: Safety Evaluation of Highway Tunnel-Entrance Illuminance Transition Based on Eye-Pupil Changes Solving Equation (8) , and Equation (2) substituted, the ideal pupil area at tunnel entrances was obtained as shown in Equation (9) . 
Case study
For any tunnel on Shangsan Highway in Zhejing, one driver drove 10 times in the daytime. A 50-metre distance from the tunnel entrance was studied:
. a 0 9182 = , . b 0 9833 = at the tunnel entrance. E(0) and E(50) are known and substituted into Equations (9) and (10), and then k r and C(1) can be obtained. The current pupil illuminance and ideal pupil illuminance setting are shown in Figure 6 and Table 6 . Figure 6 and Table 6 display these findings:
(1) The current tunnel illuminance level is significantly lower than the CIE088 standards, though they have similar shapes and changing tendencies. The visual load coefficient k exceeded 1 from 0 to 10 metres away from the inside of the tunnel entrance, but the duration time was less than 0.2 s, which shows the illuminance setting belonged to the safety range and should be appropriately improved.
(2) The current transition ratio of pupil illuminance was twice the ideal transition ratio of the pupil illuminance and near the driver's adaption limit at 0 to 10 metres away from the inside of the tunnel entrance, which shows that it is necessary to decrease the illuminance transition to reduce visual load at 0 to10 metres away from the inside of the tunnel entrance.
(3) The value of k decreased significantly at 30 metres away from the inside of the tunnel entrance, which was all lower than k r at the tunnel entrance. The pupil illuminance transition was reasonable, and the visual load was not big, which shows that the driver already accommodated the rapid illuminance transition.
(4) The ideal illuminance transition curve did not increase illuminance range a lot (only at 0 to 50 metres away from the inside of the tunnel entrance) and improved the tunnel lighting standard (such as shading setting and solar energy use), which can allay the illuminance transition at tunnel entrance and reduce the visual load significantly at tunnel entrances.
CONCLUSION
(1) At 50 metres away from the inside of the tunnel entrances, the relationship between the pupil area and pupil illuminance is a power function, which coincides with the Stevens law from experimental psychology, which states that the amount of visual mental physical reactions and the physical stimulus intensity follow a power function relationship. The relationship also presents that the index of the pupil area is more appropriate than the pupil diameter to analyze the pupillary light reflex and visual load.
(2) The pupil area and the critical velocity of the pupil area are in a quadratic function relationship at tunnel entrances. The ratio of the pupil area's velocity in relation to its critical velocity (denoted as k) can be used to evaluate the psychological visual load at tunnel entrances; the visual load at tunnel entrances is larger than the one at the middle tunnel, and the illuminance transition is severe and the visual load is at maximum 0-10 metres from the inside of the tunnel entrances where the improvement is needed. (3) Current tunnel entrances usually use sidewall entrances, and the tunnel lighting is set at 10 metres away from the inside of the tunnel entrance. If illuminance is enhanced to allay illuminance transition, the maintenance costs will increase and be difficult to manage. It is suggested that additional shading settings can allay the illuminance transition (such as horn-type entrances, bamboo-truncating entrances and grille entrances) from 0 to 30 metres away from the inside of the tunnel entrances to accommodate the eye movement of the drivers and make it near to an ideal pupil illuminance setting. Buses and trucks should be adopted as vehicle sample in the future.
